A braided cable shield has been developed as a possible replacement of electrostatic shields on currently used military cables for low frequency magnetic field belowdecks shipboard applications. The purpose of this paper is twofold. First, results of measurements are presented to determine the Effective Loop Area (ELA) of cable samples utilizing a high-permeability braided shield and comparing these results with data for cables constructed to military specifications. Second, results of measurements are presented for determination of the overall shielding effectiveness of a highpermeability braided shield sample and comparing these results with theoretical predicted data.
INTRODUCTION
High-permeability materials have been utilized to shield radiating magnetic fields in submarine and shipboard installations. They reduce the magnetic fields which inductively couple onto interface cabling of sensitive electronic systems, thereby reducing potential electromagnetic interference (EMU. Currently, high-permeability, flexible shielding conduit is the required instrument for resolution of magnetic field susceptibility spatial constraint submarine cabling problems Ill. Since cables must be placed inside the conduit for magnetic field protection, a larger diameter assembly must be accommodated for in the cableway volumes of the ship.
The purpose of this study was to replace the existing electrostatic shields of select Mi CC-17 and MiIC-915 shipboard cables with a high-permeability, electrostatic combination braided shield, of approximately the same thickness of the current electrostatic shield, and provide comparable shielding effectiveness of magnetic fields to the higwrmeablity, flexible shielding conduit. If comparable, this technique woul d facilitate effective shielding without the addition of the highpermeability, shielding conduit, therefore reducing shipboard cableway volumes. Two coaxial cables (RG214 and RG2641, one triaxial cable TTRF8, and a shielded twisted pair cable (2SJ18 equivalent) were tested whose shields were replaced with a 36 AWG VermalloyU3 E 6 2 2 shield. In addtion, a sample of the 36 AWG VermalloyU3 E 6 2 2 machine braided over a 3/4 inch diameter tube was tested. The Vermallofl E622 material is comprised of 80.0% Nickel, 14.9% Iron and 4.2% Molybdenum. These test items were located external to a shielded room. A ten foot sample of the test cable was placed into the magnetic field of a calibrated nine inch Helmholtz coil as shown in Figure  1 . One end of the cable sample was shortcircuited (the cable shield was floated at this end) while the other end of the cable was connected to a second HP-3585A spectrum analyzer, located inside the shielded room (the cable shield was grounded at the shielded room interface). The voltage induced in the cable sample by the magnetic field generated by the Helmholtz coil was measured at the second spectrum analyzer. This spectrum analyzer was located inside a shielded room to ensure isolation of the test sample output. Figure 2 depicts the shortcircuiting configurations used for each cable sample. The input current and frequency to the Helmholtz coil, as well as the induced voltage of the tested cable sample were then recorded for nine frequencies ranging from 300 Hz to 100 khz. Additional investigative data was also recorded for some of the cable samples at 30 Hz, 70 Hz, and 100 Hz.
Shielding effectiveness measurements on a sample of the high permeability shi el d material, machine braided over a 3/4 inch diameter tube, was obtained for verification of low frequency magnetic field shielding properties of the material. A similar test setup utilizing the nine inch diameter Helmholtz coil, with current supplied by a McIntosh power amplifier, was used for the shielding effectiveness measurements. In addition, a 6 inch long sensing coil, wound on a 3 foot long 1/4 inch diameter fiberglass rod, was individually calibrated at the center of the Helmholtz coil to a known magnetic field. The sensing coil was then inserted inside the braided shield sample and placed into the US. Government work not protected by U.S. copyright.
Helmholti coil test system, as depicted in Figure 3 The shielding effectiveness of the highpermeability braided shield for the testing of the 3/4 inch diameter shield braided over a tube is defined as the ratio of the magnetic field present at the sensing coil external to the braided shield sample to the magnetic field present at the sensing coil internal to the braided shield sample. Table 2 and Figure 4 show the shielding effectiveness results of the highpermeability braided shield material was measured with the magnetic field directed perpendicular to the axis of the cylinder (transverse field).
The data compiled in Table 1 shows that for each of the existing military cable samples, except for the RG214 cable, the replacement of the cable shield with the highpermeability braided shield produces cables that have at a minimum an average ELA ratio of 5 or better, or a calculated shielding effectiveness for these cable assemblies of 14 dB or greater across the frequency range of interest. In the case of the TRF-8 triaxial cable an average ELA ratio of 45 was achieved, or 33 dB.
When the outer shield of the coaxial cable (RG-214) or triaxial cable (between shields TRF8 case1 is used as part of the signal path, the highpermeability braided shield is not effective for shielding against magnetic fields. However, when the high permeability braided shield is employed as an overall shield CABLE EFFECTIVE LOOP AREA Shielding Effectiveness (transverse field)
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isolated from the signal of the cable (as in the twisted pair, RG264 and coaxial TRF8 test case), the maximum magnetic field shielding levels are attained. Examination of the shielding effectiveness test results of the highpermeability braided shield sample show similar results to the shielded cable sample tests. Table 2 test data shows the braided shield sample's shielding effectiveness as being essentially constant over the frequency range of interest at 13 dB, within the E M test calculated shielding effectiveness values. Initial pretest assumptions were that the braided shield sample's shielding effectiveness would be directly proportional to the absorption loss of the braided shield sample material, and therefore the shielding effectiveness should increase exponentially with frequency. In order to further understand why the test data illustrated constant shielding effectiveness over the frequency range of interest, it was decided to evaluate the permeability of the braided shield sample material.
The maximum d.c. permeability of the braided shield material, per the manufacturer's specification sheet, is published as 200,000. The permeability of the braided shield sample was evaluated experimentally over the frequency range of interest.
The permeability of the braided shield sample was determined by comparing the inductance measurement of an air core solenoid with the inductance measurement of the solenoid with the braided shield sample as the core. The range of permeability for the braided shield is presented in Table 3 and Figure 5 . It is observed from Table 3 that the maximum relative permeability, 88.13, is greatly reduced from the manufacturer's published specification. This reduction in permeability is attributed to the working of the shield material into its present braided form. It is a well known fact that high permeability materials are sensitive to physical stresses Le. mechanical shock, machining, etc.)[ll. The permeability, as specified by the manufacturer is that of the material after annealing, were as the relative permeability presented in Figure 5 is that of the material after manufacturing processes where significant physical stress occurs.
The theoretical shielding effectiveness due entirely to the absorption loss of the braided shield material was then calculated for the highpermeability material using the measured minimum and maximum permeability data of Table 3 .
The absorption loss (in dB), presented in Table 4 The theoretical shielding effectiveness data, the absorption loss in dB shown in Figure 6 , was not constant with frequency as the Figure 4 shielding effectiveness test data illustrates. Therefore, the changing permeativity of the braided shield material is not responsible for the constant shielding effectiveness response of the braided shield material as shown in Figure 4 . It is believed that the apertures in the weave of the high-permeability braided shield sample are responsible for the essentially constant shielding effectiveness with respect to frequency.
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-Minimum absorption loss + Maximum absorption loss
CONCLUSIONS
The purpose of this study was to replace the existing electrostatic shields of select MiCC-17 and MiCC-915 shipboard cables with a high-permeability, electrostatic combination braided shield, of approximately the same thickness of the current electrostatic shield, and provide comparable shielding effectiveness of magnetic fields to the high-permeability, flexible shielding conduit. If comparable, this technique would facilitate effective shielding without the addition of the high-permeability, shielding conduit, therefore reducing shipboard cableway volumes. Based on the tests performed on the cable samples and the tube sample of the high-permeability braided shield, it can be concluded that:
1. The high-permeability braided shield material provides at a minimum 12 dB magnetic field shielding effectiveness essentially constant across the frequency range 70 Hz to 100 kHz.
2. The high-permeability braided shield material, when used as a replacement of electrostatic shielding material in the construction of military cables, will not provide the equivalent magnetic field shielding as the high-permeability, shielding conduit of HI. However, the use of these shields will reduce the magnetic fields radiating from and to adjacent shipboard cables, and may provide enough shielding in order to eliminate the requirement for conduit.
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3. When the outer shield of the coaxial or triaxial cable is used as part of the signal path, the highpermeability braided shield does not provide any improvement for shielding against magnetic fields.
4. For the triaxial cable with the outer shield replaced with the high-permeability braided shield, the shielding effectiveness of this cable was an order of magnitude more than the other cables evaluated in this study, and warrants further investigation.
